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Materials synthesis:
Graphite phase carbon nitride (g-C3N4) was obtained from a thermopolymerization procedure, in which C2H4N4 was put into a crucible (with lip) and heated at 550 o C for 2 h under air atmosphere with a ramp rate of about 2.3 o C/min. The obtained yellow bulk g-C3N4 was then ground into a powder with a mortar for further use.
Graphene oxide (GO) was prepared via a modified Hummer method. 1 First, commercial graphite flakes (5 g), 98% sulfuric acid (150 mL) and fuming nitric acid (50 mL) were stepwise added into a flask with continuous stirring at room temperature for 24 h. Then the mixture was poured into water and collected by filtration. After the filtration step, the collected solid was repeatedly washed with water and completely dried in the oven at 60 o C. The dried graphite powder was thermally expanded at 1000 o C for 30 s to obtain expanded graphite. 4.2 g K2S2O8 and 6.2 g P2O5 were added into 300 mL sulfuric acid within a 500 mL flask and the mixture was kept at 90 o C for complete dissolution of K2S2O8 and P2O5. After cooling down to 80 o C, the EG powder was successively added into the above solution at 80 o C for 5 h. After cooling down to room temperature, the mixture was diluted into water and collected by centrifugation, NiFe-N-CNTs were synthesized via a thermal reduction protocol. 10 mg Ni(NO3)26H2O and 10 mg Fe(NO3)39H2O were first mixed with 500 mg g-C3N4 powder in deionized water. After 1 h ultrasonic and 24 h stirring treatment, the mixture was further subjected to a freeze-drying procedure to achieve a metal adsorbed g-C3N4 powder. The above powder was subsequently treated with a thermal reduction step in a tube furnace at temperatures from 500 to 1100 o C under protective N2 atmosphere. For different mass ratios of metal or alloy, the mass of g-C3N4 was fixed at 500 mg, and metal salts were applied with the corresponding weight. To obtain different ratios of the metals in the hybrid alloy-CNT catalysts, the total mass of the metal salts was fixed at 20 mg by adjusting the molar ratio of the metals. Other metals and alloys encapsulated N-CNT were fabricated via the same protocol with the exception of adding different metal salts.
Metal and alloy-CNT-rGO were synthesized by adding 15 mL GO solution (0.8 mg/mL) into the mixture after the ultrasonic process, while the other steps were performed as described for the preparation of metal and alloy-CNT.
Sample preparation for electrochemical characterization: 2.5 mg of catalyst was dispersed in 0.5 mL of water and 0.5 mL of ethanol. After 30 min ultrasonic treatment, 50 μL of 5 wt % Nafion solution was further added into the above solution with another 60 min sonication to form a homogeneous ink. Then 5 μL of the catalyst ink (containing 12.5 μg of catalyst) was loaded onto a glassy-carbon electrode (2 mm in diameter).
Electrochemical measurements:
Electrochemical measurements were carried out on a PalmSens3 electrochemistry workstation with the standard three-electrode system in 1 M KOH electrolyte. Glassy carbon (GC) electrode loaded with catalyst was used as working electrode.
Ag/AgCl with saturated KCl filling solution and platinum wire were used as reference electrode and counter electrode, respectively. The catalyst electrodes were continuously scanned by CV until a stable CV curve could be repeated before measuring polarization curves. The scan rates for all the LSV and CV measurements were set to 10 mV/s to minimize the capacitive current.
Electrochemical impedance spectroscopy (EIS) studies were performed when the working electrode was biased at certain potentials while sweeping the frequency from 10 kHz to 10 mHz with a 5 mV ac amplitude.
Materials characterization:
Powder X-ray diffraction (PXRD) patterns were recorded on a STOE STADI P diffractometer monochromator. Measurements were done at room temperature using a three-ionization chamber configuration in transmission mode using a 13-element Ge detector. For energy calibration spectra of metal Ni and Fe foils were also measured. The measured EXAFS spectra k 2 (k) were extracted by standard data reduction, absorption edge energy calibration and background subtraction as implemented in ATHENA. 2 The spectra were reduced into the range Ni8Fe5 metal cluster which was applied in previous work 4, 5 was wrapped into a carbon tube consisting of 112 carbon atoms to construct the calculation model. The periodic models were fully relaxed to the ground state, and the convergence criteria of energy and force were 1×10 -4 eV and 0.05 eV/Å for the structure relaxations, respectively. The van der Waals interactions in the systems were described by the DFT-D2 method of Grimme.
Hydrogen Evolution Reaction (HER)
It is well known that the hydrogen evolution reaction (HER) activity over a given system can be closely correlated to the adsorption energy of a single H atom on the system. Thus, the free energy of H* (ΔG (H*) is usually considered as an effective descriptor for evaluating the HER activity of the system. Generally, the smaller the ΔG (H*) absolute value, the better the HER activity of the system. 5 The free energies of the studied systems can be computed by the formula Considering that TS (H2) is 0.40 eV for H2 at 298 K and 1 atm, the corresponding TΔS was determined to be -0.20 eV. Additionally, the equation ΔZPE = ZPE (H*) -1/2ZPE (H2) was used to estimate ΔZPE for H*. It is noteworthy that our computed value for ZPE (H2) was about 0.294 eV, which is close to a previous report. 6
Oxygen Evolution Reaction (OER)
Of the two half reactions involved in the water-splitting reaction (i.e., the HER and OER), OER is more complex due to the four electron transfer process involved. Usually Table S3 . Change of the free energy arising from the differences in zero-point energies, ΔZPE, and the change in entropy ΔS for the different reaction steps. Table S6 . Calculation of HER activation energy on the catalysts. 
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